, by the addition of calcium, strontium, or zinc ions (Higuchi, Kupferberg, and Smith, 1959) , by adjustment of initial pH to 7.8, or by the addition of spent culture filtrates (Ogg et al., 1958) .
The virulent cells in an inoculum of Pasteurella pestis will not grow, or at least they have a prolonged lag phase, when cultured aerobically at 37 C in a broth medium that supports the aerobic growth of virulent cells at 26 C (Fukui et al., 1957; Higuchi and Carlin, 1958; Surgalla, Andrews, and Baugh, 1964) . The avirulent mutants invariably present in the inoculum initiate growth immediately at 37 C and soon predominate in the cultures grown at this temperature.
This loss of virulence can be prevented, however, by the addition of sodium bicarbonate (Delwiche, et al., 1959; Surgalla et al., 1964) , by the addition of calcium, strontium, or zinc ions (Higuchi, Kupferberg, and Smith, 1959) , by adjustment of initial pH to 7.8, or by the addition of spent culture filtrates (Ogg et al., 1958) .
The present investigation is primarily a comparative study of carbon dioxide fixation by avirulent and virulent P. pestis, with the use of cell-free extracts and partially purified enzyme preparations. The enzymes concerned with the carboxylation of phosphoenolpyruvate were identified, and some properties of the reactions are described.
MATERIALS AND METHODS
All reagents were commercial preparations: oxalacetic acid (OAA), phosphoenolpyruvic acid (PEP) (tricyclohexylammonium salt), and the sodium salt of various nucleotides, Calbiochem; NaHC'403 , New England Nuclear Corp., Boston, Mass.
The avirulent A-4 strain and the virulent Alexander strain of P. pestis were grown in Heart Infusion Broth (HIB) containing various supplements at 26 or 37 C for 18 hr. The HIB was supplemented with 0.3% magnesium gluconate for the growth of the A-4 strain and with 0.3 % sodium gluconate for the Alexander strain. When the Alexander strain was grown at 37 C, CaCl2 (0.002 M) was also added to the medium.
The cells were harvested by centrifugation and washed twice with distilled water. Approximately 10 g (wet weight) of washed cells were suspended in 50 ml of pH 7.2 buffer [0.1 M tris(hydroxymethyl)aminomethane (tris)-HCl or 0.05 M potassium phosphate], treated for 5 min in a 10-kc Raytheon sonic oscillator, and centrifuged at 5 C to remove cellular debris. The cell-free extract normally contained 5 mg of protein per ml.
The NaHC'403 fixation experiments were carried out in double-arm Warburg flasks at 26, 31, or 37 C for 15 min. The substrates and nucleotides were placed in one side arm and the NaHC403 in the other. The enzyme preparations and all other components were placed in the main chamber. The reactions were stopped by the addition of either HCl or trichloroacetic acid, and the precipitate was removed by centrifugation. A sample of the supernatant fluid was pipetted onto a ground-glass planchet, dried under a stream of air, and counted immediately with a gas-flow counter. All of the radioactivity counted was in the organic form, because any residual C1402 is lost in drying the acidified reaction mixture.
Radioactive OAA was identified by paper chromatograms of the 2, 4-dinitrophenylhydrazone formed after the addition of 5 mg of carrier OAA and 2 ml of a saturated solution of 2,4-dinitrophenylhydrazine in 2 N HCI to 2 ml of the reaction mixture.
Washed When OAA is substituted for PEP in the system, C'402 is fixed in an exchange reaction only if an adenosine nucleotide is added. Unless the dialyzed extract contains trace amounts of adenosine diphosphate (ADP), the results indicate the presence of two distinct carboxylation reactions: an irreversible reaction not dependent upon a nucleotide, and a reversible reaction requiring a nucleotide. Treatment with charcoal and ion-exchange resins to remove any residual nucleotides slightly reduced the activity of the enzymes, but did not significantly change the fixation pattern. Attempts to separate two enzymes by ammonium sulfate fractionation after removal of nucleic acid with protamine sulfate were unsuccessful. Results were obtained, however, with different procedures, which demonstrate that the fixation pattern shown in Table 1 is due to the presence of two enzymes in the extract. The two activities were separated from each other and have been shown to be similar to the enzymes, phosphoenolpyruvic carboxylase (Bandurski and Greiner, 1953) and phosphoenolpyruvate carboxykinase (Utter and Kurahashi, 1954) . These enzymes catalyze reactions 1 and 2, respectively.
PEP + CO2 --OAA + Pi
(1) PEP + CO2 + ADP OAA + adenosine triphosphate (ATP) (2) To obtain PEP carboxylase free from PEP carboxykinase activity, the following procedure was used. The pH of a cell-free extract prepared in phosphate buffer from strain A-4 and grown at 26 C was adjusted to 6.0 by the addition of 2 M K2HPO4. Protamine sulfate (0.25 volume of a 2% solution) was added dropwise with stirring. The extract was held at 5 C for 30 min, and was then centrifuged at the same temperature. The precipitate was extracted with an amount of 0.1 M tris-HCl buffer (pH 7.2) equal to the original volume of the cell-free extract for 30 min at room temperature and was centrifuged. The supernatant solution contained almost all of the PEP carboxylase activity free from PEP carboxykinase. Although the reaction shows a variable response to glutathione, 0.002 M p-chloromercuribenzoate inhibits the reaction completely. Reduced glutathione (5 ,umoles) restores approximately 75% of the activity. An apparent pH optimum was found at pH 6.8 in phosphate buffer, with the activity falling off rapidly on the acid side and more slowly on the basic side. The enzyme resembles PEP carboxylase from spinach (Bandurski and Greiner, 1953) , wheat germ (Tchen and Vennesland, 1955) , and Thiobacillus thiooxidans (Suzuki and Werkman, 1958) , because it functions at a relatively low concentration of bicarbonate.
PEP carboxvkinase activity was obtained free from PEP carboxylase activity by adding dropwise with stirring 1 volume of 2 % protamine sulfate to 4 volumes of cell-free extract prepared in tris-HCl buffer. The mixture was held at 5 C for 30 min, and then was centrifuged at the same temperature; 20 ml of the supernatant solution OAA + ADP 1,800 * Experimental conditions were the same as in Table 3 (experiments 6 to 10). Uridine diphosphate, GDP, and cytosine diphosphate will replace IDP as a phosphate acceptor from ATP. The extract apparently contains myokinase, because adenosine monophosphate and ATP will replace ADP in the carboxylation reaction only if both are added and, also, ADP will replace ATP in the exchange reaction. These results were considered indirect evidence for the presence of myokinase activity in the extract.
No qualitative difference in the enzymatic pattern was found when avirulent organisms were compared with virulent organisms. Both PEP carboxylase and PEP carboxykinase were also found to be present in strain A-4 grown at 37 C. Both enzymes were found in extracts prepared from the virulent Alexander strain grown at 26 or 37 C. No evidence for thermal inactivation of either enzyme was found when the C1402 fixation experiments with the cell-free extracts were performed at 37 instead of at 26 C.
Resting cells and cell-free extracts were examined for reactions involving the incorporation of CO2 (or equilibrium compounds) other than those forming OAA. Preliminary studies with the A-4 and Alexander strains demonstrated carbamyl phosphokinase, ornithine transcarbamylase, and aspartic transcarbamylase activity. Experiments designed to demonstrate the presence of acetyl coenzyme A carboxylase or propionyl carboxylase were negative under the conditions of our experiments. The PEP carboxykinase reaction differs from that of animal tissue (Utter and Kurahashi, 1954) and other bacteria studied (Suzuki and Werkman, 1957; Baugh, Claus, and Werkman, 1959; Bates and Werkman, 1960; Myoda and Werkman, 1960; Griffin and Racker, 1956) , because adenosine nucleotides, rather than inosine or guanosine nucleotides, are required. PEP carboxykinase from yeast was reported to be specific for adenosine nucleotides (Cannata and Stoppani, 1959) .
Studies presented in another paper (Baugh, Andrews, and Surgalla, in preparation) suggest that the major function of the supplemental bicarbonate in the retention of virulence is to provide carbamyl phosphate necessary for pyrimidine and citrulline biosynthesis. Carbamyl phosphate is formed from CO2 and ammonia in an ATP-dependent reaction (Jones, Spector, and Lipmann, 1955) . In this respect, it is of interest that the PEP carboxylase found in P. pestis is unusual, in that adenosine nucleotides are involved in the reaction. Although no experimental evidence is available at present, at increased bicarbonate concentration, PEP carboxykinase and carbamyl phosphokinase could possibly couple (Fig. 1) .
When CO2 reacts with PEP to form OAA, ADP is phosphorylated to form ATP. The ATP formed would be available to fix CO2 (or carbamate) into carbamyl phosphate, and the resulting ADP would be available for the fixation of CO2 into OAA once again. If these reactions should couple, it would result in a greater production of carbamyl phosphate and aspartate. Both carbamyl phosphate and aspartate are pyrimidine precursors, and are needed in larger quantity for the increased ribonucleic acid synthesis which occurs during the initial stage of growth.
Wheat germ (Tchen and Vennesland, 1955) , Thiobacillus thiooxidans (Suzuki and 1957, 1958), Nocardia corallina , and Mycobacterium phlei (Myoda and Werkman, 1960) were reported to contain both PEP carboxylase and PEP carboxykinase. It is of interest that this is the first study in which each enzyme has been obtained completely free from the other. This is also the first report of obtaining both of these enzymes from a pathogenic organism, although PEP carboxykinase has been studied in extracts of Neisseria gonorrhoeae (Griffin and Racker, 1956) , and PEP carboxylase has been demonstrated in Salmonella typhimurium (Theodore and Englesberg, 1962) . Fixation of C'402 by the extract prepared from N. gonorrhoeae was found to be stimulated by inosinic acid and inhibited by adenylic acid.
